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Abstract Each of NASA’s three Deep Space Net-
work sites has multiple large antennas capable of ac-
quiring VLBI data. The long range plan is to have
four 34-meter beam waveguide antennas at each site.
At present Goldstone has three, Canberra has three,
and Madrid has two with two more under construc-
tion. These antennas offer the opportunity to do con-
nected element interferometry (CEI) over the few hun-
dred meter baselines within each complex. Given that
all antennas within a site are of nominally the same
structural design, are run off the same clock, observe
through almost the same atmosphere, and are subject
to almost the same geophysics, doing CEI experiments
is an excellent way to probe the limits of VLBI ac-
curacy and expose station-specific systematic errors.
This paper will report the results of just such tests
which achieved about 0.2 mm baseline precision per
pass. Some stations exhibit more than 1 mm systemat-
ics. Based on this data we will discuss the implications
for whether the IAG’s goal of 1 mm station stability in
VLBI geodesy is possible for large antennas.
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1 Introduction

Modern geodetic techniques have an important role
to play in many aspects of society. Driven by con-
cerns about global sea level rise, the International As-
sociation of Geodesy (IAG) has set requirements for
the next generation International Terrestrial Reference
Frame (ITRF) to have an accuracy of ±1 mm in global
positioning (e.g. Beutler, et al (2009)). Current Very
Long Baseline Interferometry (VLBI) measurements
have errors much larger than this ±1 mm goal. Tropo-
spheric fluctuations in refractivity, largely from water
vapor (e.g. Treuhaft & Lanyi (1987)), stochastic vari-
ations in station clocks, and extended source morphol-
ogy (e.g. Charlot (1990)) are commonly cited as the
major sources of error in VLBI. Are these the only er-
ror sources larger than 1 mm?

This paper leverages a short baseline (200–300 m)
configuration so that most of the tropospheric, clock,
(global) geophysical, and source structure errors
common mode away thereby revealing underlying
instrumental errors. Furthermore, because the experi-
ments discussed here used antennas of nominally the
same design, structural deformation due to gravity
loading should largely common mode. Thermal ex-
pansion should common mode to the extent that both
antennas are in the same thermal environment. Note
that our previous work (Jacobs & Rius (1989)) using
antennas of radically different sizes and designs i.e.
the 70-m (DSS 63) and the old non-beam waveguide
34-m (DSS 65) could not leverage common mode-ing
of structural errors to anywhere near the ± 1mm
accuracy goal of the current work.

Geophysical motion should common mode away to
the extent that both antennas are attached to the same
piece of stable bedrock. In summary, these experiments
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have the potential to be a null test to verify the pre-
ceding assumptions that most error sources common
mode away down to the accuracy goal level of ±1 mm.
Our experience at NASA’s Goldstone site circa 2005
accomplished just such verification. However, the data
from our Madrid site indicated that not all antennas
performed at the ±1 mm accuracy level.

2 Observations and Data Analysis

As shown in Table 1, a series of short baseline Con-
nected Element Interferometry (CEI) passes were done
between 2014 and 2017 at the Canberra and Madrid
Deep Space Network (DSN) sites. The CEI technique
we used is virtually the same as VLBI except that,
unlike VLBI, both stations were synchronized to the
same H2 maser clock thereby virtually eliminating
clock variations as an error source—other than minor
differences in clock distribution to the two antennas.

The observation schedules were designed to sample
the full range of azimuth, cable wrap, and elevation us-
ing the strong ICRF2 defining sources (Ma et al (2009))
which have sufficiently accurate astrometric positions
to be fixed a priori for the short ∼200 m baselines un-
der consideration. Sky coverage was optimized within
the constraint of keeping slew times manageable by
nodding up and down in elevation while rotating in az-
imuth in steps on the order of 20◦. The schedule moved
through the full range of cable wrap including the full
360◦ of azimuth plus reaching a full quadrant from
both clockwise and counterclockwise directions. This
schedule strategy separates geometric baseline effects
due to azimuth changes from cable wrap effects. Ses-
sions were typically 4–8 hours and done at night when
possible to minimize thermal gradients.

We used the DSN 34-meter beam waveguide (Im-
briale (2002)) antennas to observe X-band (8200–8600
MHz) with Right Circular Polarization. The data were
downconverted by subtracting 8100 MHz, sent over
cables to the control room where the analog signal
was digitized by the Wideband VLBI Science Recorder
(Rogstad et al. (2009)) with 2-bit resolution, and chan-
nelized into 12 channels each 8 MHz wide for a to-
tal data rate of 384 Mbps per station. The data were
e-transferred to JPL, correlated with the SOFTC soft-
ware correlator (Lowe (2006)), and fringe fit with the
CFit software to produce group delays and phase de-

Date stations Scans wRMS (psec)
Canberra

2014 05 28 DSS 34–35 317 4.6
2014 07 12 DSS 34–35 132 6.3
2014 07 19 DSS 34–35 153 2.7
2014 07 25 DSS 34–35 261 11.2
2016 06 18 DSS 34–35 178 4.4

2016 07 14 DSS 34–36 111 3.7
2016 07 17 DSS 34–36 125 11.4
2016 09 23 DSS 34–36 188 3.3

Madrid
2015 12 05 DSS 54–55 119 5.2
2016 01 31 DSS 54–55 132 5.4
2016 05 07 DSS 54–55 167 4.1
2016 07 09 DSS 54–55 93 5.2
2017 01 03 DSS 54–55 188 3.3

Table 1 Summary of Observations. All sessions used X-band
RCP recorded at 384 Mbps.

lay rates. These observables were then modelled using
the MODEST software (Sovers et al. (1998)). We es-
timated parameters for a differential baseline vector,
differential zenith troposphere, and differential time-
linear residual clock.

3 Delay Scatter Results

Table 1 shows the dates, the pair of Deep Space Sta-
tions (DSS), the number of scans and the wRMS group
delay scatter. Most passes show a scatter of 3–6 psec or
1–2 mm. There are two passes close to 4 mm scatter.
As an example, Fig. 1 shows the group delay vs. time
on 2014 May 28 on the DSS 34 to DSS 35 baseline.
The 4.5 psec scatter is equivalent to about 1.4 mm. The
points with orange color coding are close to the sun
suggesting that thermal effects may be increasing the
delay scatter at the start of the pass.

4 Case Study: Madrid Systematic Error
Level

The Madrid complex is shown in Fig 2. Within this
complex, the DSS 54 to DSS 55 baseline was measured
five times between 2015 Dec. and 2017 Jan. Fig. 3
shows the baseline length scatter is extremely stable
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Fig. 1 Group delay scatter on Australia’s DSS 34 to DSS 35
baseline on 2014 May 28. Orange indicates scans near the Sun.

with a wRMS scatter of 0.11 mm. Fig. 4 shows the
vertical scatter is 0.26 mm excepting the outlier ses-
sion on 2016 Jul 09 which had a sunrise in the middle.
Thus the length and vertical results confirm our expec-
tation that errors should common mode away down to
the 1 mm level. However, the horizontal baseline his-
tory raised questions. Both the East (Fig. 5) and North
(Fig. 6) components showed a monotonic, roughly lin-
ear increase for the first four sessions at the level of ≈ 3
mm/yr. By the time the 4th session’s results were an-
alyzed, we were becoming increasingly concerned that
there was a differential velocity between DSS 54 and
DSS 55 which might eventually damage an antenna.
Thus we began to focus on the foundations.

5 Antenna Foundation

Foundations are critical to the stability of the antenna’s
position and thus the intra-complex baseline vectors
that we are measuring. Our starting assumption is that
all antennas within a given complex are firmly attached
to the same piece of bedrock thereby eliminating any
geophysically induced differential motion from slip-
page or seasonal variation in underlying groundwa-
ter. Fig. 7 shows the foundation work for the under-
construction DSS 56 antenna as of 2016 Nov 10. This
photograph reveals the sub-surface geology within a
few 100 m of the antennas we measured (DSS 54 and
55). The surface soil extends 0–10 m after which one

observes a mixture of soil and rock. To the left, the ter-
rain is almost bedrock, but has an underlying thin seam
of soil which might allow seismic movement or ground
water induced changes. The construction seeks to get
below these seams to solid bedrock before laying the
concrete foundation shown in Fig. 7.

This quick lesson in foundations failed to reveal
why the east and north were not stable. And, in fact,
when the results of the 5th and final session were
analyzed, both the east and north values came down
thereby breaking the linear trend. We note that a 6th
session done after these results were presented also
went against the linear trend and began to suggest that
we are seeing a seasonal effect of unknown origin.
We have begun to consider a range of effects such as
differential thermal environment due to the downward
topography going from DSS 54 to DSS 55 (Fig. 2)
or phase and delay effects from antenna pointing
errors (Gorham & Rochblatt (1998)) or—returning
to foundations—local hydrological effects such as
groundwater getting under one of the foundations.

6 Conclusions

The goal of the twin telescope baseline measurements
discussed in this paper has been to measure the base-
line in an environment in which most error sources dif-
ference away so that variations in individual antennas
can be isolated and studied. We have presented a se-
ries of short baseline Connected Element Interferome-
try (CEI) sessions from NASA’s Deep Space Network
complexes with eight passes from Canberra, Australia
and five passes from Madrid, Spain. These passes had
1 to 4 mm of group delay scatter per session. The Can-
berra, Australia baselines were generally stable to near
the ±1 mm level.

The early Madrid measurements showed a trend
of a few mm/yr in the horizontal components. Only
later did it appear that the 2016 Jul 09 session was
an outlier—not only the obvious vertical but also the
horizontal components. Removing that outlier session,
wRMS scatters become 0.29 mm in east, 0.18 mm in
north, 0.22 mm in vertical, and 0.08 mm in length.

Our previous experience, especially at the Gold-
stone complex, has been that the vertical component
has a factor of several higher scatter than the horizon-
tal components. This is expected because (1) vertical is
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Fig. 2 Aerial view of NASA’s Madrid Deep Space Communications Complex. There are three active 34-m antennas (DSS 54, 55,
and 65), a 70-m (DSS 63), an inactive 34-m antenna (DSS 61), and two 34-m antennas under construction (DSS 53 & 56). The four
antennas DSS 53, 54, 55, and 56 are all nominally of the same beam waveguide design (Imbriale (2002)).

Fig. 3 Length vs. time, DSS 54−55. wRMS = 0.12 mm

Fig. 4 Vertical vs. time, DSS 54−55. wRMS = 1.81 mm

Fig. 5 East vs. time for DSS 54−55. wRMS = 0.47 mm

Fig. 6 North vs. time for DSS 54−55. wRMS = 0.40 mm
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Fig. 7 Progress as of 2016 Nov. 10th on the construction of the foundation for a new 34-meter beam waveguide antenna, Deep Space
Station (DSS) 56. Foundations are intended to be attached to solid bedrock to provide stable baselines throughout the complex.

determined from < 90◦ of elevation range vs. the hori-
zontal’s 360◦ range of observations and (2) troposphere
degrades the vertical more than horizontal.

Efforts to understand these results are ongoing. At
this time, the small sample size makes it difficult to es-
tablish an outlier with certainty. Our plan is to make
measurements of the DSS 54 to DSS 55 baseline at
roughly quarterly intervals with the hope that outliers
and seasonal effects can be well separated as a step to-
wards understanding the error budget in this class of
measurements. Once we understand the instrumental
and possible local geophysical and hydrological effects
on these short intra-complex baselines to the 1 mm
level, we will have achieved a small but important step
towards the goal of global geodesy at the 1 mm level.
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